Background--Exercise is associated with age-related penetrance and arrhythmic risk in carriers of arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/C)-associated desmosomal mutations; however, its role in patients without desmosomal mutations (gene-elusive) is uncertain. This study investigates whether exercise is (1) associated with onset of geneelusive ARVD/C and (2) has a differential impact in desmosomal and gene-elusive patients.
A rrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/C) is a rare cardiomyopathy characterized by ventricular arrhythmias, an increased risk of sudden cardiac death, and predominant right ventricular (RV) dysfunction. 1, 2 Beginning with the observation that young athletes in the Veneto region of Italy had a 5-fold risk of dying of ARVD/C compared with non-athletes, 3 evidence has emerged that endurance exercise is associated with ARVD/C. The discovery that up to 60% of ARVD/C patients have mutations in genes encoding the cardiac desmosome (PKP2, DSG2, DSP, DSC2, and JUP) [4] [5] [6] [7] [8] [9] [10] [11] suggested one reason for this association.
Since cardiac desmosomes provide a mechanical connection between myocytes, dysfunction of desmosomal proteins is thought to render these junctions susceptible to pathogenic remodelling when exposed to mechanical load. 12 , 13 We recently reported that endurance exercise increases risk of developing ARVD/C, ventricular arrhythmias, and heart failure among patients with desmosomal mutations. 14 Whether the association of exercise with disease extends to ARVD/C patients without desmosomal mutations (geneelusive) is uncertain. While relatively rare non-desmosomal ARVD/C-associated mutations have been discovered, [15] [16] [17] the genetic and environmental causes of gene-elusive ARVD/ C are poorly understood. Heidb€ uchel and colleagues have postulated that there is an exercise-induced form of ARVD/C in which excessive, repetitive wall stress causes disruption of normal desmosomes eventually resulting in ARVD/C. 18 Their hypothesis is supported by a relatively low prevalence of both familial disease and desmosomal mutations in their athletic cohort. 19 Discerning whether exercise has a role in pathogenesis of ARVD/C among patients without desmosomal mutations (gene-elusive), and whether duration or intensity of exercise associated with disease expression differs in patients with and without desmosomal mutations has significant implications both for affected families and for scientific discovery. Taking advantage of our large population of well-phenotyped ARVD/C patients, we developed a study to answer these questions by (1) characterizing exercise history in ARVD/C index gene-elusive cases, (2) comparing the exercise history of patients with and without desmosomal mutations, and (3) assessing whether exercise history influences clinical phenotype among gene-elusive cases.
Methods

Study Population
The study population was recruited from the Johns Hopkins ARVD/C Registry (arvd.com). Participants are contacted and medical records are updated annually. ARVD/C patients who met revised 2010 ARVD/C Task Force Criteria (TFC) 20 and (1) were the proband (first identified case) in their family, (2) had undergone sequencing of the ARVD/C-associated genes PKP2, DSG2, DSC2, DSP, JUP, PLN, and TMEM43 through either our research 9, 21 or commercially available testing, and (3) could speak English, were invited to participate in a detailed interview to document exercise history. Parents were co-informants for adolescents (one 16-year-old). Thirty-seven desmosomal mutation carriers were included in a prior publication. 14 The study was approved by the Johns Hopkins School of Medicine Institutional Review Board.
Clinical Characterization
Clinical, demographic, and family history data were drawn from the Johns Hopkins ARVD/C Registry. Clinical data included date, circumstances, symptoms, and arrhythmia associated with clinical presentation. Clinical presentation was defined as the first medical visit for a cardiac complaint related to ARVD/C. We considered an arrhythmic presentation as one associated with a documented spontaneous sustained ventricular arrhythmia, resuscitated cardiac arrest, or syncope adjudicated as likely arrhythmic due to associated circumstances and presentation by an experienced electrophysiologist (HC). Results of non-invasive and invasive studies (12-lead electrocardiogram [ECG] , exercise testing, 24-hour Holter monitoring, 2-dimensional transthoracic echocardiography, cardiac magnetic resonance imaging, signal averaged ECG, RV angiogram) were reviewed and diagnosis of ARVD/C confirmed based on the presence of major and minor diagnostic criteria according to the TFC. Per ARVD/C Registry protocol, a detailed family history was obtained through patient interview by genetic counselors with a special interest in ARVD/C and review of cardiac medical records of family members. A positive family history was defined as meeting either a major or minor Family History criterion according to the TFC. The first sustained ventricular arrhythmia in follow-up (VT/VF) was a composite measure of the occurrence of spontaneous sustained ventricular tachycardia, aborted sudden cardiac death, or appropriate implantable cardioverter-defibrillator (ICD) intervention. In patients without an ICD, VT/VF outcome was adjudicated based on reviewing ECGs and medical records. In patients with an ICD, the device stored ECGs were reviewed for appropriateness of ICD therapy.
Exercise Interviews
Structured telephone or in-person interviews were conducted by 3 genetic counselors and 2 physicians. We have previously described our interview methodology and data collection.
14 Briefly, we prompted participants to list regular exercise since age 10. Participants were then asked to estimate how many months of the year, days of the month, and hours a day he/ she did each activity and asked to rate intensity as "light," "moderate," or "vigorous" using language and definitions from the Multi-Ethnic Study of Atherosclerosis Typical Week Physical Activity Survey. 22 
Exercise History Analysis
The focus of our analysis was exercise done prior to clinical presentation. We first classified participants as endurance athletes and non-athletes. We defined endurance athletes as participants in sports with a high dynamic demand (>70% maximum O 2 ), as defined by the 36th Bethesda Conference Classification of Sports (Task Force 8), 23 done for at least 50 hours/year at vigorous intensity as we have done previously. 14 Next, 2 characteristics of exercise were calculated: duration and intensity. Exercise duration was calculated for every activity separately and summed to achieve the total hours spent exercising prior to clinical presentation. This value was then annualized. Exercise intensity was calculated using MET-Hours, a robust tool for measuring energy expenditure associated with physical activity. 24, 25 We assigned a Metabolic Equivalent (MET) for every exercise activity based on values assigned in the 2011 Compendium of Physical Activities. 26 (One MET is the energy spent sitting at rest, 3
METs walking at a slow pace on even ground, 7 METs jogging, and 12 METs running vigorously.) We subsequently multiplied the MET value for each exercise activity by its duration, which was annualized to obtain MET-Hours per year (MET-Hrs/year). 
Statistical Analysis
Results
Study Population
Of 132 eligible probands with ARVD/C, 82 (62%) responded to our invitation and were interviewed. There was no significant difference in response rate between patients with (39/67, 58%) and without (43/65, 66%) desmosomal mutations. Response rate also did not differ by sex or age. The final study population included 82 individuals (53 male) aged 16 to 76 (mean 43AE14 years) with ARVD/C. Nearly half (39/82, 48%) carried a pathogenic desmosomal mutation (30 PKP2, 4 DSG2, 2 DSP, 1 DSC2, 2 with compound heterozygosity [1 DSG2/DSG2, 1 DSP/DSP]). Throughout the manuscript these patients are referred to as "desmosomal." The 43 patients without a pathogenic mutation in the desmosomal genes are referred to as "gene-elusive." None carried a PLN or TMEM43 mutation. Two individuals were of Asian ancestry. The remainder were white.
Clinical Characteristics
Clinical characteristics of our study population are presented in Table 1 . As per study design, all met TFC and were probands. Mean age at first clinical presentation was 35AE14 years (range 12 to 64). Most (59/82, 72%) had an arrhythmic presentation: 47 (57%) with sustained ventricular tachycardia, 4 (5%) with resuscitated sudden cardiac arrest, and 8 (10%) with cardiac syncope. The presenting arrhythmia was associated with exercise in the majority (43/59, 73%). Following presentation, 79 (96%) elected ICD implantation, of which 55 (70%) had at least one appropriate ICD intervention (median 6.4 year follow-up, [IQR 2.9, 12.7]). Five (6%) had undergone cardiac transplant; 2 predominantly for ventricular arrhythmias, 3 for heart failure. As shown in Table 1 , gene-elusive patients were older at clinical presentation (age 39AE14 years gene-elusive versus 32AE14 years desmosomal, P=0.007), and correspondingly older at study interview (46AE13 years gene-elusive versus 40AE14 years desmosomal, P=0.04). Other demographic and clinical characteristics were similar. Desmosomal and geneelusive patients both predominantly had an arrhythmic presentation and the presenting arrhythmia was equally likely to be associated with exercise. There was also no difference in likelihood of meeting each domain of the TFC except family history/genetics as all patients with a desmosomal mutation meet this major criterion.
Exercise History
Most participants (70/82, 85%) had been endurance athletes prior to clinical presentation. Median age of starting a first endurance sport was 14 (range 10 to 45, IQR 10, 18). The most common endurance sports were long-and middledistance running (45/70, 64%), basketball (22/70, 31%), soccer (18/70, 26%), and cycling (13/70, 19%). Other qualifying sports included competitive swimming (9), tennis/ squash/racquetball (8), lacrosse/field hockey/ice hockey (6), and rowing (2) . Most (40/70, 57%) endurance athletes competed in multiple sports.
Interviewees participated in a median of 375 hours/year (IQR 216, 671) of regular exercise of all types prior to clinical presentation. These activities involved a median 4168 METHrs/year (IQR 2020, 7633). There was no difference by sex in participation in endurance athletics (P=0.28), annual exercise duration (P=0.90) or intensity [MET-Hrs/year] (P=0.87).
Association of Exercise History With Genotype
We compared exercise history of gene-elusive patients and patients with desmosomal mutations. As shown in Table 2 , all gene-elusive patients (43/43) had been endurance athletes, significantly more than the two-thirds of desmosomal mutation carriers (27/39 [69%], P<0.001). Gene-elusive and desmosomal patients began endurance exercise at a similarly young age (median 13 years gene-elusive, 14 years desmosomal, P=0.93).
While gene-elusive ARVD/C patients had done a similar duration of annual exercise as desmosomal mutation carriers, their exercise was significantly more intense, expending greater MET-Hrs/year, despite their later age of onset (P=0.004). This is shown graphically in Figure 1A in which our population is stratified by age of presentation. Gene-elusive patients had done more intense exercise in each age grouping. This difference was particularly notable among those present-ing in the youngest tertile (≤age 25). Desmosomal patients were 3 times more likely to present prior to age 25 years than gene-elusive patients (OR=3.38, 95% CI: 1.25 to 9.15, P=0.02).
While gene-elusive patients were less likely to present by age 25 (8/43 [19%] gene-elusive versus 17/39 [44%] desmosomal, P=0.014) those who did so had done 5-fold greater MET-Hrs/ Values are in n (%) or median (interquartile range); MET-Hrs, metabolic equivalent hours. *P value represents age-adjusted comparison between patients with (n=39) and without (n=43) desmosomal mutations. year of exercise prior to presentation than young desmosomal patients ( Figure 1B , P=0.027). Among those presenting after age 25, gene-elusive patients had also done more intense annual exercise (P=0.001, Figure 1B ), but the difference was only 2-fold. A similar pattern was seen when only prepresentation exercise done prior to age 25 (referred to as "youth exercise") was considered. Two gene-elusive patients met major family history TFC (pathological diagnosis in a family member) and 2 met minor TFC. None had an affected second-degree relative. Among desmosomal mutation carriers, 10 met major family history criteria (all TFC in a first degree relative) and 5 met only minor family history TFC. Two met criteria for disease in a second-degree relative. (One desmosomal patient was adopted and therefore family history was unavailable.) Among desmosomal patients, there was no difference in either intensity (P=0.56) or duration (P=0.39) of exercise between those with and without a family history of ARVD/C (Figure 2 ). In contrast, among gene-elusive patients, those without a family history of ARVD/C expended more than double annual MET-Hrs prior to presentation as those with a family history (median 6711 MET-Hrs/year no family history versus 3040 MET-Hrs/year with family history). As shown in Figure 2 , patients with neither a desmosomal mutation nor family history did by far the most intense exercise (P=0.004).
Association of Exercise With Phenotype in GeneElusive ARVD/C Patients
Finally, we investigated the association of duration and intensity of pre-presentation exercise on clinical phenotype at presentation and arrhythmic outcomes during follow-up among gene-elusive patients. Those who did the greatest (top quartile) duration of annual exercise (>760 hours/year) presented approximately a decade earlier than those doing less (quartiles I-III) annual exercise (mean age 31AE12 top quartile versus age 42AE14 quartiles I-III; P=0.025). A similar trend was appreciated when intensity (MET-Hrs/year) was considered (mean age 33AE14 top quartile versus age 42AE14 quartiles I-III; P=0.09). Since 9 out of 11 patients who had done top quartile duration also had done top quartile intensity, further comparisons were limited to MET-Hrs/year.
Despite their relatively young age, patients who had done the most (top quartile) intense exercise prior to presentation had significant structural disease at presentation. Threequarters (34/43) of gene-elusive patients had imaging available for review that allowed the structural TFC to be applied (32 cardiac magnetic resonance imaging, 1 echocardiogram, and 1 RV angiogram). Among these patients, 18/34 (53%) met major structural TFC, 4/34 (12%) met minor structural TFC, and 12/33 (35%) patients did not meet any TFC. Patients who had done top quartile MET-Hrs/year exercise were significantly more likely to meet major structural TFC than those doing less intense exercise (100% top quartile MET-Hrs/year versus 43% quartiles I-III; P=0.020).
Finally, we assessed the influence of exercise on arrhythmic course. Patients doing the most intense (top quartile METHrs/year) exercise prior to presentation were no more likely to have an arrhythmic presentation than those doing less intense exercise (6/11 top quartile [55%] versus 22/32 [69%] quartiles I-III, P=0.39). However, as shown in Figure 3 , although all patients had an arrhythmic course, survival free from VT/VF was significantly lower among patients who had done the most intense exercise (P=0.002).
Discussion Main Findings
This study tests the hypothesis that exercise is an important environmental factor in the development of gene-elusive ARVD/C, and that exercise has a differential impact on the development of ARVD/C in patients with and without desmosomal mutations. Based on 3 lines of evidence we suggest that frequent high-intensity exercise may play an even greater role in the pathogenesis of gene-elusive ARVD/ C. First, we found ARVD/C patients without desmosomal mutations did significantly more intense exercise prior to presentation than desmosomal mutation carriers. This is particularly notable since it has been previously well established that desmosomal mutation carriers with ARVD/C are disproportionately athletes. Second, patients without desmosomal mutations were significantly less likely to have a family history of ARVD/C, suggesting a greater importance of an environmental influence on pathogenesis in this group. The fact that gene-elusive, nonfamilial ARVD/C patients had done the most intense exercise by far suggests exercise as a key environmental factor. Finally, exercise history influences disease course in gene-elusive ARVD/C patients. Top intensity exercise was associated with significantly earlier age of onset, worse structural disease at clinical presentation, and shorter freedom from ventricular arrhythmia in follow-up.
Exercise and the Pathogenesis of ARVD/C
Shortly following the first description of ARVD/C 30 years ago, 1, 27 evidence emerged suggesting that exercise influ- ences both the development of ARVD/C and its clinical course. A study of sudden cardiac death in the Veneto region of Italy found that young athletes had a 5-fold risk of dying of ARVD/C. 3 Consistent with this observation, implementation of a pre-participation screening program for athletes resulted in a sharp decline in ARVD/C-associated deaths. 28 The subsequent discovery of ARVD/C-associated mutations in desmosomal genes a decade ago 4-11 suggested a mechanistic explanation for the association between ARVD/C and exercise as the cardiac desmosome provides a mechanical connection between myocytes. The association of exercise and disease pathogenesis in the setting of desmosome mutations was confirmed in a plakoglobin-deficient mouse model 29 and subsequently in human desmosomal mutation carriers. 14 However, whether mutations in desmosomes accounted for most or all of the association of exercise with ARVD/C remained uncertain. There is emerging evidence that the right ventricle (RV) may be particularly susceptible to exercise-induced injury. 18 The RV and left ventricle (LV) respond differently to exercise. 30 Compared with rest, RV wall stress at peak exercise in athletes rises by 170%, compared with a 23% increase in LV wall stress. Intense endurance exercise causes acute dysfunction of the RV, but not the LV. 31 It has been suggested that the RV response to frequent exercise can be maladaptive and result in fibrosis. 32, 33 Although RV changes are typically reversible, they can be persistent with frequent training.
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La Gerche and colleagues integrated these observations with a study of 47 athletes with definite or probable ARVD/C, 6 of whom were reported to have desmosomal mutations. 19 To the best of our knowledge, this was the first study that quantified the athletic history of ARVD/C patients. Similar to our study results, they found patients with desmosomal mutations had done less exercise, and few athletes with what they dubbed "exercise-induced RV cardiomyopathy" had a family history of ARVD/C. Based on these results, they developed a hypothesis that "extreme doses" of exercise may be sufficient to damage the RV and cause "exercise-induced RV cardiomyopathy" even in the absence of a desmosomal mutation.
Study Findings
The results of our study confirm and extend the results of prior studies, which have examined the interaction between exercise and ARVD/C. 14, 19 We found that gene-elusive ARVD/C patients were all endurance athletes, significantly more than the two-thirds of patients with desmosomal mutations or the one-third of unaffected desmosomal mutation carriers we previously reported. 14 Our results strengthen the prior observation of La Gerche, Heidb€ uchel, and colleagues as we included 39 patients with pathogenic desmosomal mutations, a much more robust comparison group than the 6 patients (4 definite mutation carriers and 2 patients with variants of uncertain significance) in their prior report. 19 The results of our study also revealed for the first time that the primary difference in exercise between ARVD/C patients with and without desmosomal mutations is in the intensity of exercise. We found a relatively low prevalence of familial disease among gene-elusive cases. Furthermore, gene-elusive cases with familial disease in our study had done exercise indistinguishable from that of desmosomal mutation carriers. This provides additional evidence that among patients with neither a mutation, nor a family history, a greater exercise "dose" may be required to cause phenotypic expression. Finally, our findings reveal for the first time that exercise influences phenotype among patients without desmosomal mutations. Greater exercise intensity was associated with both worse structural disease and younger age at clinical presentation. Furthermore, patients with the most intense pre-presentation exercise had the most aggressive arrhythmic course.
While these results provide additional strong evidence for the importance of exercise in the pathogenesis of at least some cases of gene-elusive ARVD/C, we feel it would be premature and inappropriate to conclude that this group of ARVD/C patients has an entirely acquired disease. There are several lines of evidence that lead us to conclude that exercise is not the only important environmental and genetic influence to impact the development of gene-elusive ARVD/C. First, 10% of gene-elusive cases in our study had clear familial disease. This is an underestimate of the true incidence of familial disease among patients without desmosomal mutations since by study design we excluded families in which the proband was deceased. Second, while our findings suggest a strong influence of exercise on pathogenesis, ARVD/C is a rare disease. Clearly only a small proportion of elite athletes are susceptible. This susceptibility is likely based largely on genetic background or on other environmental influences. Therefore, gene-elusive ARVD/C may be caused in part by mutations in genes with lower penetrance or by combinations of rather low penetrant variants in both desmosomes and other genes (Figure 4) .
To identify these genes associated with gene-elusive ARVD/C, this study points to investigating candidates in which function or expression could be influenced by regular exercise. One group of attractive candidates are genes encoding proteins of the adherens junction. Recent research indicates that in mammalian hearts there is a mixed-type cardiac junction, the "area composita," composed of both desmosomal and adherens junctional proteins. 35 Indeed, mutations in the adherens junction gene CTNNA2 were recently identified in 2 ARVD/C patients. 36 It is also possible that a subset of these patients have a unique or pathologic hemodynamic response to exercise, which in turn leads to higher right ventricular load and eventually right ventricular dilatation and dysfunction. Genes involved in regulating these responses may also merit study. In addition to providing evidence that can be used for scientific discovery, the results of our study also have clinical implications. As exercise negatively influences cardiac structure and function in at least some ARVD/C patients without desmosomal mutations, it is likely important to restrict ongoing exercise. Further studies are needed to determine if our observation that gene-elusive patients engaged in higherintensity exercise can be used to tailor recommendations for the degree of exercise restriction based on genotype of patients and at-risk family members.
Study Limitations
Our retrospective interview-based exercise history collection may limit interpretation of study findings. Recall of athletic participation may have been inaccurate in a way that varied across subpopulations (recall bias). Additionally, participants may have deliberately altered their responses in a way they considered desirable (social desirability). Our study population also may limit findings. First, while one-third of ARVD/C cases present with sudden death, these individuals were not included in the study. The influence of exercise in this subpopulation may differ. Furthermore, because families with deceased probands were not included, the proportion of patients meeting family history criteria is likely lower in this study than in the ARVD/C population. 37, 38 Additionally, it is possible that some probands had a family history of disease that was not recognized. This may have been more likely in the gene-elusive families for whom genetic testing for risk stratification could not be offered. Finally, those interviewed are participants in a research registry run by a tertiary care center creating a potential selection bias.
Conclusions
In conclusion, the results of this study strongly suggest that exercise plays an important role in the pathogenesis of geneelusive ARVD/C. Exercise has a differential impact on development of ARVD/C among gene-elusive patients who appear to require higher intensity exercise for developing disease compared to desmosomal ARVD/C patients. Our findings have implications for both clinical care and scientific discovery. As exercise appears to negatively modify cardiac structure and promote arrhythmias in gene-elusive ARVD/C patients, we will recommend exercise restriction. Our findings suggest avenues for discovery of new genes involved in pathways influenced significantly by exercise as well as further exploration into the mechanisms of exercise induced RV dysfunction. 
